Abstract: Previous studies investigated greenhouse gas (GHG) emissions embodied in the trade of large groups of products by using the input-output model. However, very little attention was paid from the product's perspective via the bottom-up process-based life cycle assessment (LCA) model. In this paper via the process-based LCA approach, GHG emissions embodied in the computer trade between China and its major trade partners were examined over the period 2002 to 2013. Results revealed that China has been the largest net exporter of GHG emissions related to computers over the last decade, where portable computer products made up the main share. In 2002, the largest trade flow of GHG emissions embodied in computers was from Taiwan to the USA, while in 2013 it was from China to the USA. Moreover, technological innovation and geographical variability were taken into consideration as emission factors of computers, as well as the uncertainty analysis. This study found that the main driver of computer-related emissions embodied in international trade is industry transfer. The actual production of computers has shifted steadily away from the USA, firstly to Taiwan and ASEAN, but now almost entirely to China. Results of this study suggest that reduction of carbon emission is destined to be a global responsibility.
Introduction
Growing international trade has not only promoted economic development, but also contributed to large amounts of greenhouse gas (GHG) emissions. The total CO 2 emissions embodied in global international trade increased from 4.3 Gt CO 2 in 1990 to 7.8 Gt in 2008 [1] . The geographical separation of production and consumption complicates the fundamental questions of who is responsible for emissions and how the burden of mitigation ought to be shared. National GHG emissions inventories account for only those emissions produced within sovereign territories, overlooking the benefit conveyed to consumers through international trade [2] . In recognition of this shortcoming, many researchers are concerned with where GHG emissions are embodied in products and where the products are ultimately used [3] . Previous researches on embodied CO 2 emissions in trade have shown that China is by far the largest net exporter of emissions [4, 5] . As the world's largest CO 2 emitter, China is under enormous pressure to reduce CO 2 emissions [6] . Associated with international trade is the export of emissions from the manufacturing countries such as China to consumer countries such as the United States and Europe [2, 7, 8] . In China, the largest increases in exported emissions were from the electronics sectors between 2002 and 2007 (157. 17 Mt), which accounted for 24.53% of the total exported emissions [9] . By contrast, growing imports of electric and electronic goods as well as components contributed to the growth in imported emissions in the US during the same period of time [10] . Indeed, goods as well as components contributed to the growth in imported emissions in the US during the same period of time [10] . Indeed, energy embodied in "electric and electronic equipment" and "other equipment" is responsible for the growing total embodied energy in China-U.S. Trade [8] . These researches have shown that the international electronic goods trade plays a crucial role in the embodied GHG. However, there has been a lack of systematic study with the focus on the GHG emissions embodied in the electronic goods trade.
According to the Input and Output Table for 135 sectors in China, it is worth noting that electronics exports related to computers are the largest among all manufacturing sectors in China, which is almost double the second sector (see Table 1 [11] ). Moreover, from 2002 to 2013, computer products always ranked first in all net exported goods from China, which increased eight times over this period of time [10] . China is the largest country in terms of computer production. Statistics show that computer production in China accounted for more than 80% of world production [12] . As shown in Figure 1 , computer production in China has experienced rapid growth since 2002 [13] . Exports accounted for 57% of the total computer production in 2011 in which portable computers and desktops accounted for 71% and 16% respectively [14] . This means most portable computers were exported. [13] .
From the global perspective, there are substantial worldwide greenhouse gas (GHG) emissions derived from the information and communications technology (ICT) sector that continue to grow [15] . Therefore, it is imperative to investigate the contribution of the international computer trade to the embodied GHG emissions.
The top-down economic input-output model has been utilized in most recent studies to examine GHG emissions embodied in trade. Economic input-output models characterize the economic [13] .
The top-down economic input-output model has been utilized in most recent studies to examine GHG emissions embodied in trade. Economic input-output models characterize the economic relations between industry sectors in mathematical form. Economic input-output models summarize which goods or services (or output) of an industry are consumed by other industries (or used as input) [16, 17] . There are a number of advantages associated with the economic input-output model for the assessment of embodied emissions, such as being more time-efficient and having less cutoff error than process-based life cycle assessment [10] . However, the economic input-output model has its drawbacks as well. For example, the Input Output (IO) model experiences difficulties to differentiate between similar products if there is lack of robust economic data, and it has to be adapted to analyze large groups of products. Therefore, detailed process models are required in order to examine a specific kind of product such as a computer.
There is lack of studies on the GHG emissions embodied in trade from the product's perspective. From the product's perspective, the most common life cycle assessment (LCA) approach is a process-based LCA method. In a process-based LCA, the production system is regarded as a series of activities that transforms the input (materials and energy resources) into outputs (emissions and wastes to the environment) for a given production process [18, 19] . An extensive review has been conducted with literature related to GHG emissions embodied in trade [4] [5] [6] [7] [8] [9] [10] 20, 21] . Results showed that most of the existing articles used the top-down IO based LCA method. By contrast, very few studies employed the bottom-up process-based LCA method to examine GHG emissions embodied in trade. Nevertheless, as there is a large body of literature related to computer products by employing the process-based LCA method, it is practicable to employ the process-based LCA method to assess GHG emissions embodied in the computer trade. For example, Williams (2004) estimated the energy embodied in a desktop computer by hybrid assessment combining process-based and economic input-output methods [22] . His results indicated that the total energy and fossil fuels used in producing a desktop computer with 17-in. CRT monitor was 6400 megajoules (MJ) and 260 kg respectively. In contrast with home appliances, the life cycle energy use of a computer is dominated by production (81%) as opposed to operation (19%) [22] . Deng, et al. used a similar method to calculate CO 2 emissions embodied in a laptop computer., Their study showed that GHG emissions from manufacturing to be between 227 and 270 kg CO 2 -eq, of which 93−136 kg CO 2 -eq were accounted for via the bottom-up process LCA [23] . Duan, et al. applied the LCA constructed by SimaPro software version 7.0 and expressed with the Eco-indicator'99 life cycle impact assessment method to investigate the environmental performance of a Chinese desktop personal computer [24] . Weber analyzed quantitative uncertainty assessment in carbon footprinting through a case study of a rack mount electronic server [25] . Teehan and Kandlikar quantified the embodied greenhouse gas (GHG) emissions of 11 computer products based on primary data retrieved from hand disassembly and the ecoinvent v.2.2 database [20] .
In this paper, we extend previous research efforts on embodied GHG emissions in trade by: (1) studying embodied GHG emissions in trade from the product's perspective via the process-based LCA method; (2) estimating the GHG emissions embodied in computer trade between China and its major seven trade partners (i.e., USA, EU, Japan, Australia, Rep. of Korea, Taiwan, and ASEAN) during the period 2002 to 2013; (3) highlighting the greatest flows of GHG emissions related to the computer trade and the driving mechanism.
Method and Data
Emissions due to exports and imports are calculated by Equation (1):
where: Emissions are GHG emissions embodied in imports (EEI) and exports (EEE); A is mass data for computer exports or imports (net weight, kg), and EF is GHG emissions per kg of computer products (i.e., GHG emissions intensity) based on the process-based LCA method. The scope of this study is limited to the production phase of the whole life cycle (i.e., excluding the use phase).
Data for Computer Exports and Imports
With the rapid development of the Internet, portability has become a core competitiveness of computer products. GHG emissions embodied in newer products are halved compared to corresponding older products as fewer materials are used for manufacturing [20] . GHG emission per computer has declined. However, the overall GHG emissions have been increasing because the GHG emissions growth due to the increasing quantity of computers outpaced the reduction of GHG emissions for each computer. Therefore, mass data (net weight, kg) of the computer trade were used for export or import activity in Equation (1).
Mass data of imported and exported computers for each country between 2002 and 2013 are retrieved from trade data compiled by the United Nations Commodity Trade Statistics Database. In this database, the Harmonized Commodity Description and Coding Systems (HS) codes 8471 (automatic data processing machines, ADP, i.e., computers) include three kinds of ADP machines ( Table 2 ). In order to correspond to the GHG emissions factor reported in this study, three kinds of ADP machines were classified into two categories, i.e., portable computer products (HS code 847130); and other computer products (HS code 847141 and 847149) (see Table 2 ). The other categories (HS code 847150-847180) in 8471 are units of ADP that are not the main focus of this study. 
GHG Emissions Data per kg of Computers
The process-LCA methods have been utilized in a number of studies related to ICT equipment [20, 22, 23] . The vast majority of these studies placed focuses on one type of computer product except Teehan and Kandlikar [20] . Teehan and Kandlikar [20] estimated the GHG emissions embodied in a variety of ICT products, ranging from personal computers to network devices. Similarly, they compared modern products within the ICT sector to those in the ecoinvent database which were investigated more than a decade ago. According to the HS code classification shown in Table 2 , there are many kinds of products under every subheading of the HS code. For instance, 847130 (Portable digital ADP) includes notebook computers and tablets with different weight and brands. It is impractical to calculate GHG emissions embodied in every type of computer product based on the detailed process-based LCA model. Therefore, in this paper, results from Teehan and Kandlikar's study were used to estimate the emissions embodied in per kg of computer products rather than per item of computer products [20] .
The object of this study is the GHG emission embodied in computer trade flows rather than one commodity. Teehan and Kandlikar identified a quantitative relationship between mass and embodied emissions based on primary data retrieved from hand disassembly and the ecoinvent v.2.2 database [20] . Their study revealed a linear relationship between mass and embodied GHG emissions; an average 37 kg CO 2 -eq of GHG emissions are embodied in per kg of computer products, with a minimum value of about 15 kg CO 2 -eq/kg and a maximum value of about 76 kg CO 2 -eq/kg. Circuit boards including integrated circuits (ICs) contribute to the majority of the embodied GHG emissions in most electrical and electronic devices [20] . It is worth noting that environmental impacts are still associated with integrated circuits even though they have a very small mass [20] . Moreover, the motherboard (mainly the circuit board) accounts for a large proportion of the environmental impact associated with a desktop PC, which accounts for more than half of the total impact of the complete desktop PC [26] .
These results suggested that computer products are carbon intensive even if only the production phase of the whole life cycle is taken into consideration (i.e., excluding the use phase). This is comparable to traditional energy intensive products, such as iron and steel production. The carbon intensity of iron and steel production varies significantly according to the production routes, ranging from as low as 0.4 kg CO 2 /kg for crude steel to as high as 2.5 kg CO 2 /kg for crude steel. From the perception of computer trade and driving mechanism, a process-based life cycle analysis was conducted in this study. Nevertheless, the coefficients were collected from the public website during the calculation process [27] . These results show that GHG emissions intensity embodied in computer industries is larger than that embodied in traditional energy intensive industries.
Temporal uncertainty and technological specificity are likely to be of particular importance to the electronics industry, as the technology changes much more quickly than in other industries. Technological innovation is likely to be of particular important to the electronics industry [25] .
Embodied GHG emission of each laptop is lower than that of each desktop due to the relatively light weight [20, 23] . However, the GHG emissions intensity (kg CO 2 -eq/kg) of portable computer products is higher than that of other computer products (e.g., desktop, server, and so on) (see Table 3 ). However, no matter portable computer or other computer, their GHG emissions data per kg of computer declined due to the technological innovation witnessed by the last decades. According to Teehan and Kandlikar's study [20] (see Table 3 ), the GHG Emissions intensity of portable computer products (2002) was 76 (kg CO 2 -eq/kg, while GHG Emissions intensity of those products produced in 2009 or 2010 was 33-47 kg CO 2 -eq/kg. As for other computers, the average GHG Emissions intensity was about 39 kg CO 2 -eq/kg, which was reduced to about 25 kg CO 2 -eq/kg over the same period of time [20] .
Based on the average value of GHG emissions intensity in Table 3 , the GHG emissions intensity from 2002 to 2013 was estimated by means of linear interpolation (please see the Appendix A Table A1 ). [20] . The (ei) is the adjusted version of a study originally published in ecoinvent [28] . Mass includes power supplies. GHG: emissions due to material extraction and production phases only.
GHG emissions intensity is also influenced by geographically explicit electricity mixes. An assumption is made that electricity mixes vary geographically as there is lack of information on the geographical variation of productions [25] . The CO 2 emissions per kWh of electricity generation Sustainability 2018, 10, 1623 6 of 15 in different counties were used to adjust the GHG emissions intensity in each country. This adjustment could reflect the impacts of geographical variability on the GHG emissions intensity (please see the Appendix A Table A2) .
where: EFi is GHG emissions per kg of computer products in the ith country; EFaverage is the average value of GHG emissions per kg of computer products in the Appendix A Table A1 ; EEFi is the CO 2 emissions per kWh of electricity generation in the ith country [27] ; EEFaverage is the average value of the CO 2 emissions per kWh of electricity generation for all countries studied in this paper.
The adjustment results are shown in the Appendix A Table A3 .
where: BEETi are the balance of embodied GHG emissions in trade, A import represents imports (in kg of computers imported) to country i from country k. As it is necessary to consider the country of origin of imported/exported computers and the GHG emissions related to their production, specific emission intensity should be assigned to give exported and imported computers. This can be achieved by means of applying the emission intensity vector (EF) associated with computer production in each region (kg CO 2 -eq/kg of computers) (see the Appendix A Table A3 ).
Results

Trends of Global GHG Emissions Embodied in Traded Computers
When the emissions related export activities exceed the emissions related import activities, the country is a net exporter (positive value in Figure 2 ). Otherwise the country is a net importer (negative value in Figure 2) . Figure 2 shows trends of computer-related CO 2 emissions embodied in the international trade of China and its major trade partners (i.e., USA, EU, Japan, Australia, Rep. of Korea, Taiwan, and ASEAN). USA, EU, Japan, ASEAN, and Australia are the top five regions importing computers from China. ASEAN, Taiwan, Rep. of Korea, USA, and Japan are the top five regions exporting computers to China.
As shown in Figure 2a ,b, the emissions embodied in traded portable computer products (the largest value is close to 25 Mt CO 2 -eq) were significantly greater than those embodied in traded other computers (the largest value is not more than 5 Mt CO 2 -eq). The large imbalance of emissions embodied in USA trade is due to large imports of portable computer products (3.53 Mt of CO2-eq), followed by EU. Taiwan was the largest net exporter of computer-related emissions in 2002, including 3.26 Mt CO2-eq of emission embodied in portable computer products and 0.41 Mt CO2-eq of emission embodied in other computers. Although China was the second largest exporter of emissions embodied in computer trade in 2002, its emissions embodied in exports of portable computer products were small (1.13 Mt CO2-eq) in comparison to Taiwan and ASEAN. ASEAN was the third largest exporter of emissions embodied in computers. Of ASEAN's exported emissions 85% was embodied in portable computer products (2.09 Mt CO2-eq).
In 2013, China became the largest exporter of computer related emissions embodied in trade, where 20.89 Mt of CO2-eq emissions were embodied in portable computer products exports. However, only 1.77 Mt of CO2-eq of emission was embodied in other computer exports, almost equal to emissions embodied in other computer products in 2002. In Taiwan and ASEAN, emissions embodied in exported portable computer products declined to 0.12 Mt CO2-eq and 0.70 Mt CO2-eq, The large imbalance of emissions embodied in USA trade is due to large imports of portable computer products (3.53 Mt of CO 2 -eq), followed by EU. Taiwan was the largest net exporter of computer-related emissions in 2002, including 3.26 Mt CO 2 -eq of emission embodied in portable computer products and 0.41 Mt CO 2 -eq of emission embodied in other computers. Although China was the second largest exporter of emissions embodied in computer trade in 2002, its emissions embodied in exports of portable computer products were small (1.13 Mt CO 2 -eq) in comparison to Taiwan and ASEAN. ASEAN was the third largest exporter of emissions embodied in computers. Of ASEAN's exported emissions 85% was embodied in portable computer products (2.09 Mt CO 2 -eq).
In 2013, China became the largest exporter of computer related emissions embodied in trade, where 20.89 Mt of CO 2 -eq emissions were embodied in portable computer products exports. However, only 1.77 Mt of CO 2 -eq of emission was embodied in other computer exports, almost equal to emissions embodied in other computer products in 2002. In Taiwan and ASEAN, emissions embodied in exported portable computer products declined to 0.12 Mt CO 2 -eq and 0.70 Mt CO 2 -eq, respectively. USA was the largest importer of portable computer products (9.01 Mt of CO 2 -eq), followed by the EU (6.95 Mt of CO 2 -eq).
respectively. USA was the largest importer of portable computer products (9.01 Mt of CO2-eq), followed by the EU (6.95 Mt of CO2-eq). Figure 4 highlights the largest international flows of computer-related emissions embodied in trade in 2002 and 2013. In 2002, the largest international flow of computer-related emissions was from Taiwan to the USA (1.65 Mt of CO2-eq), followed by the flux from Taiwan to the EU (1.48 Mt of CO2-eq). GHG emissions derived from portable computers accounted for 86% and 92% respectively in the flows of Taiwan-USA and Taiwan-EU. It is worth noting that the third main flow was from China to EU (1.44 Mt of CO2-eq), which was mainly composed of other computers (77%). Similarly, the GHG emission flow from China to Japan was mainly composed of other computers (68%). This indicates Taiwan was the largest net exporter of portable computers in 2002, while China mainly exported nonportable computers over that period of time.
Interregional Flows of Emissions Embodied in Trade of Computers
However, ten years later, the dominant global flows were the export of emissions embodied in computers from China to the USA (9.09 Mt of CO2-eq; followed by from China to EU (7.05 Mt of CO2-eq) and Japan (1.87 Mt of CO2-eq). The vast majority of flows were related to portable computers (more than 90%). Taiwan, South Korea, and ASEAN were also net exporters to the USA and EU in terms of GHG emissions embodied in computer trades. However, in these Asian regions, the emissions embodied in the imports of computers from China (2.20 Mt of CO2-eq) were higher than those in exports to USA (0.15 Mt of CO2-eq) and the EU (0.32 Mt of CO2-eq). They were net importers overall. Moreover, GHG emissions embodied in computer trade between these Asian regions were not substantial, no more than 0.02 Mt of CO2-eq. Figure 4 highlights the largest international flows of computer-related emissions embodied in trade in 2002 and 2013. In 2002, the largest international flow of computer-related emissions was from Taiwan to the USA (1.65 Mt of CO 2 -eq), followed by the flux from Taiwan to the EU (1.48 Mt of CO 2 -eq). GHG emissions derived from portable computers accounted for 86% and 92% respectively in the flows of Taiwan-USA and Taiwan-EU. It is worth noting that the third main flow was from China to EU (1.44 Mt of CO 2 -eq), which was mainly composed of other computers (77%). Similarly, the GHG emission flow from China to Japan was mainly composed of other computers (68%). This indicates Taiwan was the largest net exporter of portable computers in 2002, while China mainly exported non-portable computers over that period of time.
However, ten years later, the dominant global flows were the export of emissions embodied in computers from China to the USA (9.09 Mt of CO 2 -eq; followed by from China to EU (7.05 Mt of CO 2 -eq) and Japan (1.87 Mt of CO 2 -eq). The vast majority of flows were related to portable computers (more than 90%). Taiwan, South Korea, and ASEAN were also net exporters to the USA and EU in terms of GHG emissions embodied in computer trades. However, in these Asian regions, the emissions embodied in the imports of computers from China (2.20 Mt of CO 2 -eq) were higher than those in exports to USA (0.15 Mt of CO 2 -eq) and the EU (0.32 Mt of CO 2 -eq). They were net importers overall. Moreover, GHG emissions embodied in computer trade between these Asian regions were not substantial, no more than 0.02 Mt of CO 2 -eq. 
Driving Mechanism
From the 1980s to the 1990s, the production of computers and components shifted steadily away from the U.S. to the Asia-Pacific region [29] .
Portable computers (e.g., laptop and tablets) have increasingly replaced desktop PCs from the beginning of 21st century. Global demand for portable computers has increased. According to Yang [30] , Taiwanese firms dominated the global laptop computer market, taking more than 70% of market share. However, the 'average sales prices' of laptop computers made in Taiwan continue to decline [30] . To survive and sustain growth, many Taiwanese companies adopted a strategy to relocate factories to countries with lower manufacturing costs such as China and Southeast Asian countries. Following the regulation of the Taiwanese government on the location of strategic activities, a large proportion of Taiwan's production capacity was relocated to mainland China [30] . As a result, China became one of largest suppliers of IT hardware.
In recent years, a large number of tablet PC factories was built in China. The label of "designed in USA, assembled in China" can be found on every popular Apple product. According to Teehan and Kandlikar [20] , GHG emissions embodied in one Apple IPad product were as low as 25.5 kg CO2-eq (0.78 kg weight), lower than that of a desktop product. GHG emissions from a desktop were more than 100 kg CO2-eq at least, while the weight of a desktop is more than 10 kg (including monitors) 
In recent years, a large number of tablet PC factories was built in China. The label of "designed in USA, assembled in China" can be found on every popular Apple product. According to Teehan and Kandlikar [20] , GHG emissions embodied in one Apple IPad product were as low as 25.5 kg CO2-eq (0.78 kg weight), lower than that of a desktop product. GHG emissions from a desktop were more than 100 kg CO2-eq at least, while the weight of a desktop is more than 10 kg (including monitors) Sustainability 2018, 10, 1623 10 of 15 generally. GHG emission intensities embodied in an IPad is even higher than that embodied in a desktop. Consequently, as the mass data increased for the computer exports (more portable computers) from China, the GHG emissions embodied in computer exports increased sharply. Figure 5 shows the emissions intensity of computer production (kg of CO2-eq emissions per kg of computer being produced domestically and imported for China and its major seven trade partners in 2013. Computers are aggregated to include portable computers and other computers. As shown in Figure 5 , the emissions intensity of computers produced domestically and imported are similar in the EU (i.e., 34 kg CO2-eq per kg of computer and 37 kg CO2-eq per kg of computer, respectively). By contrast, the emissions intensity of computers imported to the USA, Taiwan, Japan, Rep. of Korea, and ASEAN (about 24-26 kg CO 2 -eq per kg of computer) is higher than that of exports (about 34-37 kg CO2-eq per kg of computer). It is opposite in China and Australia. In China, the emissions intensity of domestically produced computers in 2013 was about 37 kg CO2-eq per kg of computer. However, the emissions intensity of imported computers was 21 kg CO2-eq per kg of computer. This shows that in most countries, it is less efficient using computers imported than using computers domestically produced from the GHG emissions' perspective. The technology and the materials may have similar emissions for each country. The possible reasons for the difference of GHG emissions intensity for each country are the energy mix varies from one country to the other; and the global transportation related emissions. generally. GHG emission intensities embodied in an IPad is even higher than that embodied in a desktop. Consequently, as the mass data increased for the computer exports (more portable computers) from China, the GHG emissions embodied in computer exports increased sharply. Figure 5 shows the emissions intensity of computer production (kg of CO2-eq emissions per kg of computer being produced domestically and imported for China and its major seven trade partners in 2013. Computers are aggregated to include portable computers and other computers. As shown in Figure 5 , the emissions intensity of computers produced domestically and imported are similar in the EU (i.e., 34 kg CO2-eq per kg of computer and 37 kg CO2-eq per kg of computer, respectively). By contrast, the emissions intensity of computers imported to the USA, Taiwan, Japan, Rep. of Korea, and ASEAN (about 24-26 kg CO2-eq per kg of computer) is higher than that of exports (about 34-37 kg CO2-eq per kg of computer). It is opposite in China and Australia. In China, the emissions intensity of domestically produced computers in 2013 was about 37 kg CO2-eq per kg of computer. However, the emissions intensity of imported computers was 21 kg CO2-eq per kg of computer. This shows that in most countries, it is less efficient using computers imported than using computers domestically produced from the GHG emissions' perspective. The technology and the materials may have similar emissions for each country. The possible reasons for the difference of GHG emissions intensity for each country are the energy mix varies from one country to the other; and the global transportation related emissions. 
Emission Intensity
Uncertainty Analysis
No matter whether the bottom-up process-based LCA method or the top-down economic inputoutput model is used, there is great uncertainty associated with the calculation. According to William [22] , there was ±15% uncertainty for the process based method and −32% to +300% for the IO model when they applied the hybrid LCA method to estimate the energy intensity of computer manufacturing.
Even one category of a commodity contains a variety of types of goods. For example, portable computers include laptop and other mobile devices. However, there is a lack of detailed information about every single computer product for a global analysis.
In this paper, the emission intensity was retrieved from Teehan and Kandlikar's study of 11 computer products [20] . Their uncertainty analysis showed that standard deviations ranged from 10% (several products) to 18% (LCD monitor). Weber estimated that the uncertainty associated with the 
No matter whether the bottom-up process-based LCA method or the top-down economic input-output model is used, there is great uncertainty associated with the calculation. According to William [22] , there was ±15% uncertainty for the process based method and −32% to +300% for the IO model when they applied the hybrid LCA method to estimate the energy intensity of computer manufacturing.
In this paper, the emission intensity was retrieved from Teehan and Kandlikar's study of 11 computer products [20] . Their uncertainty analysis showed that standard deviations ranged from 10% (several products) to 18% (LCD monitor). Weber estimated that the uncertainty associated with the carbon footprint during the production phase of an electronic server was ± 15% [25] . According to these uncertainty analysis, it is assumed that the uncertainty of the emission intensity is ± 10% to ± 18%. This uncertainty range was applied to estimate the uncertainty of GHG emissions embodied in the international trade of a country at the global level.
There is the highest uncertainty associated with export computer-related emissions estimated for China, representing about ± 8.7% to ±15.6% (as percentage of total). By contrast, the uncertainty of other regions is no more than ± 1%. The uncertainty associated with import computer-related emissions estimated for USA is the highest (± 4.3% to ± 7.8%), followed by EU (± 3.2% to ± 5.7%). More specific computer information and detailed commodity category of the international trade will help to reduce the level of uncertainty.
Discussion
According to Weber, it is highly likely that geographical uncertainty is associated with electronics due to "complex global supply chains that are dependent on geographically explicit electricity mixes" [25] . The CO2 emissions per kWh of electricity generation in different countries were used to adjust the GHG emissions intensity for each country to mitigate the geographical uncertainty.
Moreover, we analyzed the exports mass data according to different units of computers, i.e., digital processing units (HS 847150), Input or output units (HS 847160), Storage units (HS 847170), and other units (HS 847180). As shown in Figure 6 , exports of units of computer shared the same pattern of the whole machines. From 2002 to 2013, the market share of China in global exports of computer units increased sharply as well. China has taken more than half of the global market share in terms of the computer units, reaching 57% in 2013. This indicates that China is the biggest export country in terms of not only entire machines but also units of computers. For a complex product such as a computer, the entire production could be divided into four distinct phases, i.e., design, parts production, assembly, and marketing. Some assembly phases may be labor intensive. Under the context of global production networks, China used to be considered to be mainly operating in the assembly phase. However, according to Figure 5 , China has also dominated in the parts production phase recently. Due to the longer supply chain of computers during the production phase in one country, uncertainty from geographical variability is reduced. carbon footprint during the production phase of an electronic server was ± 15% [25] . According to these uncertainty analysis, it is assumed that the uncertainty of the emission intensity is ± 10% to ± 18%. This uncertainty range was applied to estimate the uncertainty of GHG emissions embodied in the international trade of a country at the global level.
Moreover, we analyzed the exports mass data according to different units of computers, i.e., digital processing units (HS 847150), Input or output units (HS 847160), Storage units (HS 847170), and other units (HS 847180). As shown in Figure 6 , exports of units of computer shared the same pattern of the whole machines. From 2002 to 2013, the market share of China in global exports of computer units increased sharply as well. China has taken more than half of the global market share in terms of the computer units, reaching 57% in 2013. This indicates that China is the biggest export country in terms of not only entire machines but also units of computers. For a complex product such as a computer, the entire production could be divided into four distinct phases, i.e., design, parts production, assembly, and marketing. Some assembly phases may be labor intensive. Under the context of global production networks, China used to be considered to be mainly operating in the assembly phase. However, according to Figure 5 , China has also dominated in the parts production phase recently. Due to the longer supply chain of computers during the production phase in one country, uncertainty from geographical variability is reduced. It is worth noting that the electronic integrated circuits and micro-assemblies products (HS 8542) always ranked first in all the imported goods of China from 2002 to 2013 [24] . Integrated circuits and micro-assemblies are the core components of computer products, and circuit boards including ICs which are responsible for the majority of embodied GHG emissions in most computer products. According to Teehan and Kandlikar's calculated results, the GHG emission intensity of a circuit (including IC) is about 100-300 kg CO2-eq/kg. Integrated circuits have the highest emission intensity among all parts of computers [20] . China imported integrated circuits mainly from Taiwan, Rep. of Korea, USA, and Japan [24] , which may affect the GHG emissions embodied in the computer trade. It is worth noting that the electronic integrated circuits and micro-assemblies products (HS 8542) always ranked first in all the imported goods of China from 2002 to 2013 [24] . Integrated circuits and micro-assemblies are the core components of computer products, and circuit boards including ICs which are responsible for the majority of embodied GHG emissions in most computer products. According to Teehan and Kandlikar's calculated results, the GHG emission intensity of a circuit (including IC) is about 100-300 kg CO2-eq/kg. Integrated circuits have the highest emission intensity among all parts of computers [20] . China imported integrated circuits mainly from Taiwan, Rep. of Korea, USA, and Japan [24] , which may affect the GHG emissions embodied in the computer trade.
However, integrated circuits and micro-assemblies can be used for many kinds of electronic products, not only for computers. At the moment, it is virtually impossible to retrieve integrated circuits and micro-assemblies trade data for computers from the present database on international trade statistics.
Moreover, it is highly likely that a cutoff error exists associated with the process-based LCA method due to the complexity of the computer products. The most critical cutoff error is during the design and marketing phase. Over half of carbon emissions from each laptop are attributed to sectors of wholesale trade, management of companies and so on [23] . Future research opportunities exist to address this truncation error. Similarly, other life cycle phases such as the design, marketing, and disposal can be further studied so that GHG emissions throughout the entire supply chain can be examined.
Conclusions
Computer products are energy and carbon intensive even only in the production phase of the entire life cycle (i.e., excluding the use phase). During the last decade, GHG emissions embodied in exports increased sharply due to the exporting activities of electronic products, especially for computers. The examination of emissions embodied in the international trade of computer products highlights the technological innovation and geographical variability as emission factors.
Industry succession leads to industry transfer, and consequently affects the GHG emissions embodied in the trade significantly. The main driver of computer-related emissions embodied in international trade is industry transfer. Since the 1990s, despite most design phases remaining in the USA, the actual production of computer products has shifted steadily away from the USA, mostly to countries in the Asia-Pacific region [29] , first in Southeast Asia (Taiwan and ASEAN) but now almost entirely in China. This has been responsible for a large amount of GHG emissions transfer. In particular, the biggest global embodied GHG emission flows related to computers are the export from China to the USA (9.09 Mt of CO 2 -eq), followed by from China to the EU (7.05 Mt of CO 2 -eq), and Japan (1.87 Mt of CO 2 -eq).
Therefore, it is imperative to design corresponding policies to deal with these embodied GHG emissions. There are several ways to allocate responsibility for anthropogenic emissions to countries. Of particular interest for climate policy is the allocation of production-based and consumption-based emissions [31, 32] . Carbon leakage and trade attracted the attention of a number of scholars and governments during the post-Kyoto negotiations. However, production globalization has made it more difficult to separate GHG emission related responsibility between various countries. Reduction of GHG emission is destined to be a global responsibility.
Our research of emissions embodied in the international trade of computers highlights the regional variation in emissions intensities and helps to make effective regional and national trade policies for mitigating electronic product emissions. It is conceivable that consumption-based accounting of this sort could eventually be used to impose cooperative trade agreements, technology sharing, or carbon-based tariffs. If carbon-based tariffs were introduced, the price of computers from carbon-intensive countries would increase. As a result, the number of computers imported from high emission intensity countries may decrease. Consequently, the cost of carbon-based tariffs growth would give an incentive for export companies to produce their products with lower CO 2 emissions [33, 34] . However, border taxes on virtual (embodied) carbon will cause trade distortion, which could bring associated losses in efficiency and welfare [35] . Moreover, the growing burden might shift from exporter to importer. Portable computer products  76  70  64  59  55  50  47  43  40  36  34  31   Other computer products  39  37  35  33  31  30  28  26  25  24  22  21   Table A2 . CO 2 emissions per kWh of electricity generation (kg CO 2 -eq/kWh) [27] . 
